IN an attempt to inte 'ret the extraordinarily complicated structure often exhibited by malignant ceRs, a comparative study has been made of the nuclei of a wide range of tumours. Living cefls have been examined by phase-contrast and ultra-violet microscopy, and sections and tissue cultures of tumours have been studied after fixation and stahling by various histological and cytochemical techniques. From this survey has emerged a conception of nuclear structure a'nd functioning which is at variance with that of the classical textbooks of cytology (Wilson, 1925) , and conflicts with the views generany held to-day (Pollister, 1952 
IN an attempt to inte 'ret the extraordinarily complicated structure often exhibited by malignant ceRs, a comparative study has been made of the nuclei of a wide range of tumours. Living cefls have been examined by phase-contrast and ultra-violet microscopy, and sections and tissue cultures of tumours have been studied after fixation and stahling by various histological and cytochemical techniques. From this survey has emerged a conception of nuclear structure a'nd functioning which is at variance with that of the classical textbooks of cytology (Wilson, 1925) , and conflicts with the views generany held to-day (Pollister, 1952) .
Flattened cells have become increasingly employed for cytological research purposes. Modem technique-3 of microscopy, particularly phase-contrast, by greatly facilitating the study of fiving cells have resulted in greater use being made of tissue cultures for morphological studies. When cells migrate from an explant in vitro, they tend to spread out so that around the periphery of an outgrowth they are considerably flattened. This is most obvious in fluid culture media where the cells furthest away from the explant may be reduced to little more than a fine film. Such cells are ideal for the study of cytoplasmic structure, as many investigators have realised. EquaHy useful have proved squash preparations of soft tissues, when the ceRs of which they are composed tolerate compression without disrupting. The necessity of rapid fixation, in order to obtain perfect preservation of chromosome structure has also resulted in the common practice of using squash preparations and smears for the study of nuclear structures. Such procedures possess the further merit of eliminating the possibihty of slight morphological alterations being brought about by the prolonged dehydrating, clearing and imbedding necessary for the preparation of sections. Nevertheless aH these methods have the common disadvantage of rendering difficult the correct appreciation of the spatial arrangement of intranuclear structures. In this respect the older method of studying stained sections of fixed tissues presents definite advantages. By cutting sections of approximately the same thickness as the average diameter of the cell nuclei, one obtains preparations with whole nuclei and shces of nuclei of varying thickness. On examining such sections under the mi'croscope there can be found superficial slices from the surface of nuclei, and sometimes a nucleus with the top of the membrane cut away making it possible to focus down into its interior. Often two constituent portions of a nucleus can be detected in adjacent sections. Since no other technique offers the same scope for the direct examination of a three-dimensional structure, the study of stained sections has constituted the basis of this investigation. Yet with all fixed preparations of ceRs there arise doubts as to the validity of the finest structural details which are detectable, especially when they approach the limits of mic'roscopic resolution. So the results of the study of fixed and stained cells have been correlated with observations made by other techniques, which have included the microscopical examination of living ceRs immediately after their removal from the animal body. Structural organization of the nucleus seen in sections.
The ideal type of cell with which to commence an investigation of this kind would be one with a large nucleus, single nucleolus and well-defined chromatin granules. No tumour with such cells was available. Most nearly fulfilling these requirements were the cells of a mouse adenocareinoma (T27). Its selection was further influenced by the fact that it had been employed in several previous researches (Ludford, 1924 (Ludford, , 1930 (Ludford, , 1932 (Ludford, a, 1932 (Ludford, b, 1933 (Ludford, , 1934 so that the structure of its cells, and their behaviour under a variety of experimental conditions, as well as their growth characteristics, both in vivo and in vitro, were already well known.
The same methods of fixation and staining were adopted as were formerly used for the study of chromosomes (Ludford, 1930) , except that after iron-alumhaematoxylin staining the differentiation was not carried so far as is usual in making chromos'ome preparations. Frozen sections stained by the Feulgen technique were also found most useful. For demonstrating the smallest structural details it is doubtful whether any method can excel the results obtained by Flemming fixation followed by intense staining with iron-alum-haematox.ylin When the surface of a nucleus from such a preparation is examined there are to be seen numerous minute granules varying in size. Most of them seem to be below the limits of microscopic resolution. They are depicted in the camera lucida drawings of Fig. I to 5. Fig. I shows the surface of a nucleus with a hole in the middle through which the nucleolus can be seen inside. Some of the little granules appear to be arranged like beads on a string. A slice off the surface of another nucleus -from an elongated cell is shown in Fig. 2 . There is a tendency for the granules to be elongated and orientated in thesame direction as the cell is stretched. The holes appearing in both these first two figures were torn in the membranes in the process of section cutting. Fig. 4 depicts a slice through the centre of a nucleus. Here are seen the same peripheral granules, and also strands connecting the two nucleoli with the membrane. Along the length of the strands are granules of simi-lar dimensions. Sometimes nucleoli are in direct contact with the nuclear membrane, as in Fig. 3 , which is another slice from the surface of a nucleus. In this one, some well-defined strings of granules are discernible, while in the adjacent Fig. 5 periphery. In Fig. 9 these strands are double like the chromosomes at the surface. In Fig. 8 OccasionaBy when a nucleolus is highly vacuolated its appearance is rather deceptive, and might erroneously be interpreted as being reticulate. One wonders whether the coniphcated internal structure which has been described may be the result of a slight distortion induced by the procedures involved in preparing sections for examination by the electron microscope. The vacuolated appearance is not an artefact of fixation as it is visible in hving cells. Distribution of nucleic acids in the nucleus.
As a matter of convenience, for the purpose of description, it is proposed to refer to the material of which the nucleolus is mainly composed as " plasmosomin". This is the material which constitutes "the true nucleolus or plasmosome " (NVilson, 1925 (Ludford, 1935) . Fig. 30 is an ultra-violet micrograph of some flattened coagulated nuclei from another mouse carcinoma (Af). It will be noticed that the superficial structure is very similar to that draw-n in Fig. 2 Fig. 31 . Here the remains of nucleoh are also still distinguishable. The appearances presented by Fig. 30 and 31 are suggestive of the ultra-structure of a gel in the unstretched state (Fig. 30) when it is a tangle of long chain molecules, and in the stretched state (Fig. 31) when the molecules have become orientated in a direction paraRel to the stretching force (Moyer, 1942) .
The -filamentous nuclear structure is reminiscent of that described in nuclei of spermatocytes of the grasshopper (DiMOSteira) by Chambers (1924 Lamb (1950) . It is highly probable that they are identical with the strands of material exhibiting strong absorption of ultra-violet radiations of 2570 A wave-length, which are seen in Fig. 31 . The absorbing material presumably comprises the fine granules, which for reasons already stated are regarded as representing the chromosomes of the interphase nucleus. Probably their volume is augmented at the time of nuclear coagulation as the result of the accretion of additional-deoxyribonucleic acid from the nuclear sap, by a piocess analogous to that which occurs at the prophase of mitosis. Relationship between nucleolar chromatin and plasmosomin.
On the basis of the preceding considerations it is concluded that the highest concentration of deoxyribonucleic acid is in the nucleolar chromatin and'bodies derived from it. Deoxyribonucleic acid is also present in the minute granules which represent the interphase chromosomes and in the nuclear sap. Considerable evidence has been adduced by other By the nucleolar system is meant here the total nucleolar content of a nucleus, whether it be concentrated in a single structure, or dispersed as a number of smaller interconnected bodies occupying the greater part of the interior of the nucleus. In the latter case it is usual for each discrete portion to comprise plasmosomin and nucleolar chromatin. Parts of nuclei of a mammary carcinoma (Af) are shown in the ultra-violet micrographs of Fig. 32 and 33. In the former the nuclear surface is in focus, and in the latter the underlying nucleolar bodies are clearly defined. In each of them darker peripheral globules of nucleolar cliromatin are distinguishable from the lighter plasmosomin.
While hypertrophy of the nucleolar system is a common feature of tumour cells, it is not a diagnostic characteristic of mali'gnancy. The nuclear structure of cells of spontaneous mammary carcinomata of high-cancer-strain mice is remarkably like that of mammary gland cells. The similarity is particularly striking when both kinds of cells are grown under identical conditions in tissue cultures, as will be appreciated by comparing Fig. 38 and 39. The fonner was photograpbed from a 3-days-old primary culture of mammary carcinoma (Ad) in A strain mice; the latter from a 5-days-old primary culture of mammary gland from a low-cancerstrain mouse (C57). Of more than 20 spontaneous mammary carcinomata which have been grown in vitro and examined cytologically the cells of the tumour illustrated in Fig. 38 exhibited the greatest degree of polymorphism. Note also in this figure the derangement of mitosis which has resulted in two daughter nuclei with numerous karyomeres instead of nuclei.
Despite the similaritv of the nuclear structure of the ceRs of Fig. 38 Fig. 26 and 27, -and by the ultra-violet micrograph of Fig. 35 . The binucleate cell shown in Fig. 26 was drawn from a culture of a sarcoma which had been induced by methylcholanthrene. The large nucleolus in the centre of each nucleus is seen to be connected by fine filaments to peripheral particles of chromAtin. Fig. 27 depicts a cell from a Feulgen stained culture of a sarcoma (Rb) which originated by the sarcomatous transformation of the stroma of a mammary carcinoma. Only the plasmosomin and nucleolar chromatin are included in the drawing. Fig. 34 and 35 are ultra-violet micrographs of a cell of the same sarcoma, which was the most rapidly growing of the tumours which have been studied in the course of this work. Since all the Fig. 21 to 27 were clrawn at the same magnification, it is obvious that the nucleolar system of mahgnant cells can undergo hypertrophy without a proportional increase in the volume of the nucleus.
GENERAL CONSIDERATIONS.
To recapitulate, the distinctive features of nuclear structure are the chromosomes spread out over the inner surface of the nuclear membrane, and the nucleolar system consisting of nucleolar chromatin and plasmosome occupying the centre of the nucleus. Chromosomes with nucleolar organizers remain attached to the nucleoli, which are also connected with the periphery by fine hyaline strands. (Fig. 28 and 29) .
The way in which the interphase nucleus develops from the telophase cliromosomes has long been the subject of controversy among cytologists. Wilson (1925) in his review of the early literature recognised three principal types of nuclear (Cm,) showing fine filaments connecting the nucleolar system with the nuclear membrane (P). FIG. 27 .-Sarcoma ceR from the most rapidly growing of the tumours (Rb) which were studied (P).
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. 29  FIG. 289 29.-Diagrammatic representation of nuclear structure, with surrounding mitochondria and cytoplasinic granules, as seen in surface view (Fig. 28) , and in section (Fig. 29) " During prophase each chromosome sinks into a dense gel which is separated from its neighbours by the fluid which collects between them." Lewis (1947) points out that amitosis and nuclear fragmentation would be readily explicable as resulting from the loss of adhesion between chromosomal vesicles.
Since nuclear formation by the fusion of chromosomal vesicles is said to be speciaRy characteristic of embryonic cells, it would not be surprising to find the same process occurring in malignant cells which they resemble in many respects. Karyomeres are often clearly distinguishable in dividing cancer cells. Attention has already been directed to the example in the middle of Fig. 38 . Other instances following irradiation are depicted in Fig. I I and 12 . In these cases they are particularly conspicuous because of their delayed fusion. The nuclear structure which has been postulated, and is shown diagrammatically in Fig. 28 and 29 could originate from the cohesion of karyomeres, formed, not as Lewis (1947) suggested, by the swelhng of chromosomes, but by their spreading out over the surface of vesicles. After coalescence of the latter, the chromosomes would adhere to the internal surface of the external walls of the vesicles, which form the nuclear membrane. Instead of the inner walls of the vesicles breaking down irregularly to form a nuclear network as Wilson (1925) suggested, they would constitute the strands which extend between the nucleoli and the cell membrane. To bring' about such an arrangement it would be necessary to postulate the existence of some mutually repellant force between the chromosomes and the nucleolus at this stage, so that the latter was forced into the centre of the coherent vesicles.
From a cursory examination which has been made of different tissues of a number of mammals, including man, it appears that their nuclear structure is essentially the same as that which has been described, but no comparable study has been made of the nuclei of lower animals, or plants. Apparently there is a fundamental difference between the nuclear structure of the higher animals and the higher plants. According to the recent work of Chayen, Davies and Miles (1953) the interphase nucleus of plants (Vicia, Allium, Zea, (Fig. 34-37 ), but a feature common to both is the occurrence of a fine chromosomal strand connecting the nucleolar orgamzer with the periphery of the.nucleus.
Any discussion of the functional significance of the nuclear organization of the animal cell, which has been postulated, would be incomplete unless it took into consideration the structure of the surrounding cytoplasm. In rapidly growing tumour cells the nucleus is closely invested by mitochondria. Its structure and spatial relationship with the surrounding mitochondria are depicted diagrammatically in Fig. 28 and 29. The former attempts to portray the nucleus as it would appear in surface view. The latter shows the interior of the nucleus as it might look if sliced through its middle. The most striking morphological feature is the manner in which most of the chromosomes are spread out over a spherical area, therebv brinain-a about maximum exposure to the cytoplasm on the outside, and to subsiances emitted from the nucleolus on the inside. Some of the mitochondria and other granules are applied to the surface of the nucleus, and only the thickness of its membrane separates them from the chromosomes. Clearly, substances which penetrate the plasma membrane must pass through the cordon of mitochondria before reaching the nucleus, and between the chromosomes if they are to get to the nucleolar system.
In pioneer studies on living cells in tissue cultures, Lewis and Lewis (1915) followed the movements of mitochondria backwards and forwards between the nucleus and the cell periphery, and recently Pomerat (1953) Smiles and Welch, 1948a, 1948b.) , and attention has been directed to the correlation between. hypertrophy of the nucleolar system, proliferation of mitochondria and increased nucleotide content of the cytoplasm (Ludford, 1951) . Such observations as these tend to emphasise that the cell as a whole is a unified functional system. It is reasonable to suppose that the performance of its fundamental vital processes necessitates intimate correlation of the functional activities of all its organeRae. Recently Brenner (1953) has deduced from the appearance presented by the nucleus in phase-contrast photomicrographs and ultra-violet micrographs (Ludford and Smiles, 1950a, 1950b.) , and from the results of ultra-centrifugation experiments carried out by himself and others (Beams, 1948 ; Claude, 1943 ) that segments of chromosomes are attached to the inner surface of the nuclear membrane.
" These segments maintain their continuity with the remaining parts of the chromosomes which, as uncoiled threads, occupy the inside of the interphase nucleus." On the basis of Caspersson's (1950) hypothesis that heterochromatic regions of the chromosomes control protein synthesis Brenner (1953) (1952) suggest that the highly specific peptide chains are probably first formed in the nucleus, and that they pass out into the cytoplasm where they are specifically folded. Since antigens are deposited mainly in cytoplasmic granules in liver cells it is concluded that the folding of the peptide chains takes place in these granules. As Haurowitz and Crampton (1952) (Bourne, 1950 (Bourne, , 1951 Ludford, 1951a) .
These conflictin ideas which emphasise on the one hand, the activities of the cytoplasmic organellae, and on the other, the role of the nucleus, are not mutually contradictory. While there is considerable evidence to support the contention that mitochondria are concerned with cell respiration, there are equally good reasons for believing that genes either elaborate enzymes or control their activities by producing specific activators or inhibitors. It is reasonable to assume that the close spatial relationship between mitochondria and chromosomes ( Fig. 28 and 29) In conclusion, it should be pointed out that cells may undergo malignant transformation without any alteration occurring in their nuclear structure that can be detected by the present methods of microscopy. This is understandable if as has been suggested (Lufford, 1952 ) the cytological basis of malignancy iE; an imbalance in the genes brought about by processes which result in (1) the loss of some chromosomes, or parts of chromosomes, and (2) the intranuclear duphhcation of others. This implies that with improvements in microscopical technique it should be possible to distinguish differences between the chromosomes which are spread out on the inner surface of the nuclear membranes of malignant cells and their non-mahgnant prototypes. Our present microscopical methods are inadequate for obtaining really satisfactory pictures of the surface of the nucleus. In fixed and stained preparations chromosomes look like strings of irregularshaped beads, strung on invisible short wavy threads (Fig. I to 5 , and 42 and 43). Some ultra-violet micrographs exhibit the same arrangement ( Fig. 32 and 34 ). Others suggest that the granular material is adherent to the surface of fine hyaline tbreads or tubules. Instead of tubules there may be rows of minute droplets the coalescence of which could be responsible for the formation of filaments. Evidence supporting such a probabihty is afforded by ultra-violet micrographs of smears of coagulated nuclei (Fig. 3 1) . Unfortunately the methods iemployed in this work do not give high enough resolution to yield sufficiently convi"neing results for making a proper study of these intricate structures. Clearly, progress in this direction is dependent upon the devising of new techniques.
The nuclear structure of the cells of most malignant growths exhibit a variety of abnormalities. Hypertrophy of the nucleolar system and an increase in chromatin content are of common occurrence. Accorcling to Caspersson and Santesson (1942) the heterochromatin system of malignant ceRs is stimulated to abnormal activity. This leads to disturbances in the formation of cytoplasmic proteins and in the reproduction of gene protein, which result in abnormal growth. It would be more compatible with the results of the present study if hypertrophy of the nucleolar system and a hyperchromatinic condition of the nucleus were the morphological expression of an increased growth rate rather than being indicative of malignant growth.
It has not been possible to identify the nucleolar organizer on the chromosomes of the cells examined during the course of this work. So it remains to be deter'Mined whether increase in size of the nucleolar system is the result of duplication of chromosomes bearing nucleolar orgaDizers. There is, however, indirect evidence that this may be the case (Biesele, Poyner and Painter, 1942) .
0
The studies with ultra-violet microscopy described in this paper were carried out in the National Institute for Medical Research and constitute part of a wider 9 research on the apphcation of modem methods of microscopy to the study of living malignant cefls (Ludford, Smiles and Welch, 1948a, 1948b; Ludford and Smiles, 1950a, 1950b) . SUMMARY. 1. The distinctive features of the nucleus of the mammalian cell are (i) most of the chromosomes are spread out over the inner surface of the nuclear membrane.
(ii) the nucleolar system occupies the middle part of the nucleus. In its simplest form it consists of a single plasmosome bearing peripheral aggregations of nucleolar chromatin. In its most complex form in tumour cells it consists of numerous smaller bodies comprised of the same two constituents.
(iii) chromosomes, presumably bearing nucleolar orgamzers, remain attached to nucleoli, and some at least extend from nucleoli to the nuclear periphery, as do also other delicate strands, probably composed of the same material as that which forms the nuclear membrane.
This interpretation of nuclear structure is depicted diagrammaticany in Fig. 28 and 29.
